] activated the channel. These results suggest that Ln 3þ acts as an agonist of both Ca 2þ -binding sites. More importantly, the voltage-dependent characteristics of Ln 3þ 's action led to the conclusion that the activating Ca 2þ binding site is located within the electrical field of the channel (in the vestibule). This idea was tested by applying the pore blocker toxin maurocalcine on the cytoplasmic side of RyR. These experiments showed that RyR lost reactivity to changing cytosolic [Ca 2þ ] from 50 mM to 100 nM when the toxin occupied the vestibule. These results suggest that maurocalcine mechanically prevented Ca 2þ from dissociating from its binding site and support our vestibular Ca 2þ sensor-model further.
ABSTRACT Ca 2þ regulates ryanodine receptor's (RyR) activity through an activating and an inhibiting Ca 2þ -binding site located on the cytoplasmic side of the RyR channel. Their altered sensitivity plays an important role in the pathology of malignant hyperthermia and heart failure. We used lanthanide ions (Ln 3þ ) as probes to investigate the Ca 2þ sensors of RyR, because they specifically bind to Ca 2þ -binding proteins and they are impermeable to the channel. Eu 3þ 's and Sm 3þ 's action was tested on single RyR1 channels reconstituted into planar lipid bilayers. When the activating binding site was saturated by 50 ] activated the channel. These results suggest that Ln 3þ acts as an agonist of both Ca 2þ -binding sites. More importantly, the voltage-dependent characteristics of Ln 3þ 's action led to the conclusion that the activating Ca 2þ binding site is located within the electrical field of the channel (in the vestibule). This idea was tested by applying the pore blocker toxin maurocalcine on the cytoplasmic side of RyR. These experiments showed that RyR lost reactivity to changing cytosolic [Ca 2þ ] from 50 mM to 100 nM when the toxin occupied the vestibule. These results suggest that maurocalcine mechanically prevented Ca 2þ from dissociating from its binding site and support our vestibular Ca 2þ sensor-model further.
INTRODUCTION
Ryanodine receptor (RyR) is a Ca 2þ -gated Ca 2þ release channel of the sarco/endoplasmic reticulum. Ca 2þ -dependent regenerative activation of RyR channels is the underlying mechanism for the process termed ''Ca 2þ -induced Ca 2þ release'', which is the essential step of excitation-contraction coupling (ECC) in the heart. It plays an amplifying role in skeletal muscle ECC and in Ca 2þ wave propagation (for example, in pancreatic acinar cells (1) (2) (3) ). In single channel experiments, skeletal muscle RyR (RyR1) is closed at nanomolar, activated by micromolar, and inhibited by higher than 100 mM cytosolic [Ca 2þ ]. This biphasic response to Ca 2þ is mediated by two regulatory Ca 2þ binding sites (Ca 2þ sensors) located on the cytosolic region of the channel: a high-affinity activating site (K d ¼ 9.4 mM) and a low-affinity inactivating site (K d ¼ 298 mM), both characterized by a Hill coefficient of $1 (4-6). Many other ligands (ATP, caffeine, Mg 2þ ) modulate RyR activity, but Ca 2þ is the most important one, because Ca 2þ is the only ligand whose changing concentration plays a crucial role in the physiology of ECC by triggering Ca 2þ -induced Ca 2þ release. Due to the central role of Ca 2þ activation in RyR function and to understand RyR regulation in health and disease, defining the molecular identity and the location of Ca 2þ sensors in RyR sequence is essential. Defective Ca 2þ regulation of RyR has been demonstrated in various muscle diseases, including malignant hyperthermia and heart failure (7) (8) (9) (10) (11) (12) (13) (14) (15) .
Recently, the three-dimensional (3D) structure of RyR has been solved at near-atomic resolution using cryo-electron microscopy (16) (17) (18) ) (see Fig. 1 ). These high-resolution structures show that EF-hand Ca 2þ binding domains (potential Ca 2þ sensors) are located at the C-terminal end of the central pillar in the cytoplasmic region of RyR (named ''core-solenoid''). The core solenoid lies very close to the S2-S3 linker helix and interacts with the C-terminal domain, which is linked to the S6 transmembrane helix. This helix forms the channel's gate and the central pore. Apparently, this architecture provides a tight allosteric coupling model between the core solenoid and the gate and suggests a mechanism for Ca 2þ -induced gating of the channel. In the presence of Ca 2þ , the conformation of the EF-hand domain changes, which coincides with the rotation of the last two helices in the core solenoid that leads to the rearrangement of the C-terminal domain and the S2-S3 linker. These conformational changes are transmitted to the S6 transmembrane helix, which twists to dilate the pore (16) (17) (18) .
This EF-hand pair (EF1 and EF2) was originally identified between residues 4081 and 4127 (19, 20) . Disrupting the spatial geometry of the EF2 abolished [3H] ryanodine binding of the channel, while EF1 mutant showed significantly increased Ca 2þ sensitivity for activation, but lower for inactivation (21). These results suggest that EF1 and EF2 form the activating and the inhibiting Ca 2þ sensors respectively. However, this calmodulin-like domain was also proposed to form intramolecular interactions with calmodulin binding sites in the RyR, implying that the calmodulin-like domain would regulate RyR activity by acting as a competitor for calmodulin (22). In contrast, studies using RyR1-RyR2 chimeras have shown that by transferring EF1 and EF2 sequences from RyR2 to RyR1, RyR2's Ca 2þ -inactivation properties could have been fully conferred, so these domains are involved in RyR inactivation (23,24). More recently, it was demonstrated that the EF-hand domain is not required for cytosolic Ca 2þ activation but plays an important role in the regulation of cardiac RyR by luminal Ca 2þ (25). Unfortunately, the lack of solid functional evidence to support the idea that the EF-hand domain is the activating Ca 2þ binding site, and that Ca ions bound to the EF-hands are not visualized in the structure, raises concerns about the role of the EF-hand domain in Ca 2þ -gating of RyR. Because negatively charged residues often form Ca 2þ binding sites (for example, in the SERCA pump and Ca 2þ channels (26-28)), hunting for the Ca 2þ sensors in RyR was also pursued by exploring the glutamate-rich regions of conserved sequences in the C-terminal quarter of RyR (19). As a result, mutational analysis revealed that certain homolog glutamates (E4032 in RyR1, E3987 in RyR2, and E3885 in RyR3) are essential in the Ca 2þ -activation mechanism of the channels (29-31). According to the 3D structure of RyR1, this E4032 residue is one of a cluster of negatively charged residues that may contribute to the formation of a Ca 2þ binding pocket (25), which is located in the core solenoid next to the C-terminal domain and may have direct access to the vestibule of the channel (Fig. 1) . These results suggest a different mechanistic model for Ca 2þ gating. However, just recently, the model of EF-hand mediated Ca 2þ -activation of RyR1 was revised by comparison of difference maps calculated from 3D reconstructions of RyR1 in different states. These calculations show that the putative Ca 2þ -binding site is located at C-terminal domain-C-solenoid interface, which is part of the inner lining of the vestibule. The amino acid residues involved in the coordination of Ca 2þ are E3893, E3967, and T5001 (32) (Fig. 1) .
Despite the fact that neither the primary sequence nor the 3D structure predicted functional voltage sensors within RyR, the channel's open probability (P o ) was found to be voltage sensitive (33,34). Channel activity was demonstrated to be enhanced by increased luminal to cytoplasmic Ca 2þ gradients and by voltages that favor ion movements from the luminal to the cytoplasmic (trans to cis) sides of channels incorporated into lipid bilayers. Therefore, it was concluded that luminal Ca 2þ regulates channel activity by binding to the cytosolic-activating Ca 2þ binding site after flowing through the pore (feed-through activation). However, in experiments using the same [Ca 2þ ] on both sides (50 mM cis and 50 mM trans), channels showed higher P o at voltages that favor ion movements from the cis to the trans side (see Fig. 2 ) (33). Because this phenomenon cannot be explained by the feed-through activation mechanism, the basis of the voltage-dependent behavior of RyR remains to be elucidated. Our aim was to reveal the underlying mechanism of the voltage-sensitive Ca 2þ activation of RyR1 by using the lanthanide (Ln 3þ ), europium (Eu 3þ ), and samarium (Sm 3þ ) ions as tools. Ln 3þ has very similar chemical properties but slightly different ionic radii to Ca 2þ , and they are commonly used as probes of Ca 2þ binding proteins (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) . We began the study with demonstrating that Eu 3þ and Sm 3þ are appropriate probes to investigate Ca 2þ sensors in RyR, because 1) they specifically bind to Ca 2þ binding sites of RyR and 2) RyR is impermeable to Ln 3þ . Therefore, these ions allow sideselective investigation of the cytoplasmic binding sites without feed-through effects. Afterwards, we utilized their high charge (3þ) to examine the voltage dependence of Ca 2þ activation.
MATERIALS AND METHODS

Ethical Approval
All experiments complied with the Hungarian Animal Welfare Act, the 2010/63/EU guideline of the European Union, and had the approval of the Animal Welfare Committee of the University of Debrecen (22/2012/ DEMÁ B). Male rabbits (n ¼ 5) were killed by using a guillotine. FIGURE 1 3D model of RyR1 structure (PDB:3J8E). RyR1 modeling was performed in the software Jmol. Side view of RyR is given. For better visibility, two subunits were removed from the structure. E4032 is labeled by blue dots, the EF-hand domain is colored in red, and the putative Ca 2þ binding site is in green (16) (17) (18) 32) . To see this figure in color, go online.
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Materials
The chemicals, if not specified, were purchased from Sigma-Aldrich (St. Louis, MO).
Heavy Sarcoplasmic Reticulum Vesicle Isolation
Heavy sarcoplasmic reticulum (HSR) vesicles were isolated from rabbit skeletal muscle by differential centrifugation as described in the literature (45, 46) . All the steps were performed on ice or at 4 C in the presence of protease inhibitors. After homogenization in 100 mM NaCl, 20 mM EGTA, 20 mM Na-HEPES (pH 7.5), cell debris was pelleted at 3500 Â g, for 35 min using a tabletop centrifuge. Crude microsomes were collected from the supernatant by centrifugation in a Ti45 rotor at 40,000 Â g, for 30 min. To dissolve the actomyosin content the pellet was resuspended in 600 mM KCl, 10 mM K-PIPES, 250 mM sucrose, 1 mM EGTA, 0.9 mM CaCl 2 (pH 7.0). After incubation for 1 h at 4 C, the microsomes were centrifuged at 109,000 Â g for 30 min, then the pellet was resuspended and loaded onto a 20-45% linear sucrose gradient (105 mM NaCl, 10 mM PIPES, 0.1 mM EGTA, 0.09 mM CaCl 2 (pH 7.0)). After spinning overnight at 90,000 Â g in a SW27 rotor, HSR vesicles were collected from the 36-38% regions of the sucrose gradient. The microsomes were washed with a buffer, containing 475 mM sucrose, 1 mM NaCl, 10 mM PIPES (pH 7.0), and pelleted by centrifugation at 124,000 Â g for 60 min in a Ti45 rotor. The pellet was resuspended in 300 mM sucrose, 10 mM K-PIPES (pH 7.0). Vesicles were aliquoted, snap-frozen in liquid nitrogen, and stored in a deep freezer until further use in [3H] ryanodine binding assay or were immediately used for RyR purification.
RyR Purification
HSR vesicles were solubilized for 2 h in 1% CHAPS, 1 M NaCl, 100 mM EGTA, 150 mM CaCl 2 , 5 mM AMP, 0.45% phosphatidylcholine, 20 mM Na-PIPES (pH 7.2) at 4 C. The sample was loaded onto a 10-28% linear sucrose gradient and centrifuged overnight at 90,000 Â g in a SW27 rotor. RyR-containing fractions of the gradient were identified, snap-frozen in liquid nitrogen, and stored at À70 C in small aliquots (45, 46) .
RyR Reconstitution and Single-channel Recording
Purified RyRs were incorporated into planar lipid bilayers. -free cytosolic recording medium, which did not contain added Ca 2þ and was made using Chelextreated distilled water (Bio-Rad, Hercules, CA) to remove traces of Ca 2þ . In these experiments, luminal [Ca 2þ ] was set to 50 mM. Most RyRs incorporated into the bilayer so that their cytosolic foot region faced toward the ground electrode. Transmembrane voltages are referred to this ground (trans to cis). The lipid mixture contained phosphatidylethanolamine, phosphatidylserine, and phosphatidylcholine (Avanti Polar Lipids, Alabaster, AL) in a ratio of 5:4:1 dissolved in n-decane in the final lipid concentration of 20 mg/mL. The bilayer currents were recorded using an AxoPatch 200 amplifier and pCLAMP 6.03 software (Axon Instruments, Sunnyvale, CA). Currents were filtered at 1 kHz through an eight-pole low-pass Bessel filter and digitized at 3 kHz (45, 46) .
[3H] Ryanodine Binding Assay
Ryanodine-binding assay was carried out using [3H] ryanodine in a medium composed of 1 M NaCl, 25 mM Na/PIPES (pH 7.1), 1 mM Pefabloc (SigmaAldrich), and Chelex-treated (Bio-Rad) water. Aliquots (32 mL) containing 16 mg protein were incubated at 37 C for 120 min, with various concentrations of the radioligand, or [Ln 3þ ] as indicated in the figures. The reaction was terminated by filtering and washing the samples using a BIO-DOT 96-well filter apparatus (Bio-Rad) and 0.45 mm nitrocellulose membrane (Millipore, Billerica, MA). Nonspecific binding was determined in the presence of 1000Â excess of ryanodine, which had been added to the incubation mixture before the radioligand. The membrane-bound radioactivity was determined using a liquid scintillation counter (Beckman Coulter, Brea, CA) (46 
Visualization of RyR Structure
Graphic visualization of RyR1 in Fig. 1 was made using PDB:3J8E in the software tool Jmol (an open-source JAVA viewer (Oracle, Redwood City, CA) for chemical structures in three dimensions; www.jmol.org/).
In Silico Studies
The cryo-electron microscopy structure (32) deposited into the Protein Data Bank (PDB; www.rcsb.org, PDB:5TAL) was used as a starting geometry for The closed state of the channel is marked by c. (B) Schematic diagram of our working hypothesis constructed to guide our further investigation, which were designed to explain the voltage-dependent activity of RyR. molecular modeling; however, simplifications had to be made to have tractable sizes for the modeling software we used. The electrostatic potential values at the solvent-excluded surface of the C-terminal domains of the RYR1 proteins (residues 3639-5037) were calculated by means of the APBS software (47) . The surface was colored according to the electrostatic potential values and represented by the PyMol modeling package (PyMOL Molecular Graphics System, Ver. 1.8; Schrödinger, New York). Ca 2þ and Eu 3þ metal ion binding sites for the RYR1 domain were predicted by the integral-equation-based reference interaction site model (RISM) theory (48, 49) using the rism1d and rism3d software implemented in the AMBER software package (ambermd.org) (50) and the PLACEVENT program (51) downloaded from the Placevent website (http://dansindhikara.com/ Software/Entries/2012/6/22_Placevent_New.html). The missing Eu 3þ parameters for RISM calculations were adopted from the article published by Li et al. (52) . The RISM and PLACEVENT calculations were carried out only on the cytosolic part of the C-terminal (from residue 3747) protein.
Only a monomeric RYR1 protein chain was considered in these calculations.
Statistics
Open probabilities (P o ) were determined using the pClamp software suite (Molecular Devices, Sunnyvale, CA). Statistical analysis was made in the software Origin 7.0 (OriginLab, Northampton, MA) and in the software Excel (Microsoft, Redmond, WA). Averages were expressed as mean 5 SE. Relative P o and [3H] ryanodine binding data were calculated by normalizing each set of datapoints to their own control. F-test was performed to compare the distribution of the groups. The number of experiments is denoted in the graphs.
RESULTS
In our initial experiments we reproduced the results published by Tripathy and Meissner (33). Purified RyR1 channels were incorporated into artificial lipid bilayers and single channel currents were recorded in symmetric 250 mM KCl and 50 mM Ca 2þ -containing solution. Representative records in Fig. 2 demonstrate that RyR's open probability (P o ) at À60 mV was significantly higher compared to þ60 mV. (Current directions through the channel are indicated at negative and positive potentials by the cartoons in Fig. 2 B. ) These results agree with those published by Tripathy and Meissner (33). In addition, we observed similar preference of channel activity to negative voltages over a wide voltage range (À80 to þ80 mV) (Fig. 2 A) . These results suggest that the Ca 2þ binding site's occupancy is higher at negative potentials, which raises the possibility that the activating Ca 2þ binding site is located in the electrical field (i.e., in the pore or vestibule of the channel), and the local Ca 2þ concentration in the vestibule is affected by voltage.
To test the first possibility, we used the toxin maurocalcine (MCA) as a tool. MCA is a 33-mer peptide that was previously shown to lock RyR in a long-lasting subconductive state (LLSS) in a highly voltage-dependent manner (with preference to negative membrane potentials, when MCA tends to reside in the vestibule) (53) (54) (55) (56) (57) . The interaction was found to be electrostatic, because decreasing the electrostatic potential of the toxin by substituting positively charged amino acids with alanine in the 19-24 position attenuated the interaction and reduced the fractional time of LLSS (57) . In Fig. S1 we show that LLSS fractional time also depends on the concentration of the charge carrier (i.e., current), which-along with the voltage dependence of LLSS-strongly suggests that MCA binds to the cytoplasmic vestibule of RyR1, where voltage drops through the funnel (56, 57) . If the Ca 2þ sensor is really located in the vestibule, MCA should influence the Ca 2þ sensitivity of RyR1. In Fig. 3 A, control single channel currents were recorded at 100 nM cis Ca 2þ , which allows low P o . Then, we tested the channel's retained Ca 2þ sensitivity by raising cis [Ca 2þ ] to 50 mM. P o raised as expected from a functionally intact channel (Fig. 3 B) . In this state of the channel, MCA was added to the cis chamber and after the characteristic LLSS developed (this is the sign that MCA occupied the vestibule), Ca 2þ was lowered to 100 nM by the addition of EGTA. The LLSSs were occasionally interrupted by normal gating bursts, when MCA left the vestibule. During these bursting events at 100 nM Ca 2þ , P o was supposed to be as low as in Fig. 6 A. In contrast, RyR1 displayed high P o , similar to that of measured at 50 mM Ca 2þ (Fig. 3 C) . This finding suggests that in the presence of MCA, RyR1 became resistant to lowering [Ca 2þ ]. Furthermore, when the LLSS was cancelled by switching the polarity to positive membrane potential, RyR1 immediately recovered from MCAblock and returned to high P o bursting mode instead of low P o mode (Fig. 3 D) . Further on, under the same voltage, P o gradually decreased with time and slowly approached the P o normal for RyR1 at 100 nM Ca 2þ . (Fig. 4, A and B (Fig. 4, A and B) . The peak activities were at 7.5 mM Eu 3þ and 4 mM Sm 3þ , suggesting that at these Ln 3þ concentrations the activating binding sites were saturated, but the inhibiting Ca 2þ binding sites' occupancy was low(er). Higher than 20-mM Ln 3þ concentrations saturated the inhibiting Ca 2þ binding sites too, and caused full inhibition.
Rya binding at various radioactive rya concentrations was also determined under control conditions (in Ca 2þ -free medium), and at maximally activating and inhibiting Ln 3þ concentrations. Fig. 4 (Fig. 4 D) . However, activation by 4 mM Sm 3þ was lower between 2 and 50 mM Ca 2þ compared to Eu 3þ -treated vesicles. In addition, the inhibiting effect of 45 mM Sm 3þ could not be reversed by any Ca 2þ concentrations applied. Altogether, these data suggest that Eu 3þ and Sm 3þ are strong agonists of both cytoplasmic Ca 2þ sensors. These data and the conclusion are in agreement with those published earlier about the action of Tb 3þ by Hadad et al. (44) . Next, to describe the effects of Ln 3þ on RyR1 in detail, single channel current measurements were performed in symmetric 250 mM KCl and 50 mM Ca 2þ . The representative current record shown in Fig. 5 A demonstrates that 1 mM Eu 3þ added to the cytosolic (cis) side of the channel exerted two distinct effects. First, it induced long-lasting closed events at À80 mV. These closed events were not detected at lower Eu 3þ concentrations and were highly voltage dependent, as they were absent at þ80 mV (Fig. 5 B) . This finding implies that Eu 3þ (at R1 mM) acts as a classic pore blocker at negative voltages, when cytosolic cations are driven into the deep pore (see illustration in the middle). As a matter of fact, this pore blocking action of trivalents is very similar to that observed in L-type Ca 2þ channels (58) (59) (60) (61) . Second, at þ80 mV, Eu 3þ 's action was qualitatively different: it did not cause long closed events, but significantly reduced the P o by decreasing the number of openings. Sm 3þ acted similarly: it caused a voltage-dependent pore-occlusion preferably at negative membrane potentials, but the closed states also appeared at þ80 mV (in contrast to Eu 3þ ). In addition, Sm 3þ also significantly decreased the number of openings in the bursts separated by the long closed events (Fig. 5, C and D) . The block could be reversed by the addition of equimolar EGTA (Fig. 5 D) .
In summary, these results imply that cis Ln 3þ s occlude the pore and that they reduce P o in a voltage-dependent manner. Consequently, Ln 3þ can enter the pore, but cannot reach the luminal side from the cytoplasmic side. This feature makes Ln 3þ an excellent side-selective probe to examine the voltage-dependent cytosolic Ca 2þ regulation of RyR.
The dose-response relationship and voltage dependence of Eu 3þ was further investigated in the virtual absence of Ca 2þ . 100-500 nM cis Eu 3þ was found to activate RyR1, while higher concentrations inhibited the channel (Fig. 6 A) . These results confirm our [3H] rya binding data that Ln 3þ is an agonist of both the activating and inhibiting Ca 2þ binding sites. Analysis of the voltage dependence of Eu 3þ 's action revealed that the activation was more prominent at À60 mV, compared to þ60 mV (Fig. 6 B) . Because Eu 3þ is driven into the pore by negative voltages, this result also raises the possibility that the activating binding site is located in the cytoplasmic vestibule of the channel.
The dose-response curves of Ln 3þ 's effect were also determined by using 50 mM Ca 2þ in the recording solution. In Fig. 7, A 's effect on the Ca 2þ sensors, these events were not included in the P o analysis. The analysis revealed that Eu 3þ was significantly less potent to reduce channel P o at negative voltages. In contrast, inhibiting potency was higher at positive potentials. This behavior is unexpected for a small cationic pore blocker, which is driven into the pore by negative membrane potentials. The voltage-dependent action of Sm 3þ was also tested at 560 mV with similar results.
Based on the results shown in Figs. 6 , it inhibited RyR in the <500 mM range in a voltage-dependent manner. Based on these results, we hypothesize that the inactivation site is always (at least partially) occupied by Ln 3þ and that the binding of Eu 3þ to the activation site overcomes this inhibited state when Eu 3þ is driven toward the activation site at negative voltages but that inhibition is more enhanced when Eu 3þ is driven away from the site at positive voltages. In silico studies were performed to examine the Ca ions was the same, and it corresponded to the Ca 2þ binding site, which was shown in the cryo-electron microscopy structure (PDB:5TAL) (32). At <20 mM Eu 3þ , the model predicted one Eu 3þ binding site, whereas at 50 mM ion concentrations it predicted seven Eu 3þ and one Ca 2þ bound to the truncated RyR subunit. These calculations indicate that in our concentration range, Eu 3þ binds only to the Ca 2þ binding site; however, our results should be interpreted with caution, because there are examples in the literature showing that Ln 3þ also binds to nonspecific metal binding sites (62, 63) .
DISCUSSION
The voltage-dependent rectification of RyR1 raised the possibility that the voltage-dependent activity is due to the voltage-dependent Ca 2þ gating of the channel. In this study, the side-selective Ca 2þ analogs Eu 3þ and Sm 3þ were used as probes to discover the underlying mechanism for this behavior and to learn more about the Ca 2þ sensors of RyR1. We show that Ln 3þ s function as agonists of both Ca 2þ sensors. Nevertheless, our [3H] rya binding data should be interpreted with caution, because nonspecific binding of Ln 3þ to calcium binding proteins was reported in the literature (62, 63) . These putative nonspecific binding sites may be responsible for the different dissociation constants in single-channel versus [3H] rya-binding experiments. However, the lack of transmembrane potential in [3H] rya experiments can account for the differences, too.
Next, based on the finding that RyR is blocked (occluded) by Ln 3þ , we concluded that RyR is impermeable to these ions. By utilizing these characteristics, we examined the voltage-dependent action of Ln 3þ on RyR in single channel experiments. We show that at Ca 2þ concentrations that saturate the activating Ca 2þ binding site (50 mM), Ln 3þ inhibited the channel but this inhibition was stronger at positive potentials. In contrast, in Ca 2þ -free recording solution, Eu 3þ activated the channel, which was stronger at negative membrane potential. To explain this anomalous voltagedependent behavior of Ln 3þ 's action and the voltage-dependent Ca 2þ -gating in symmetric 50 mM Ca 2þ (Fig. 2) , we constructed a model (see cartoon in Fig. 6 B) that locates the activating but not the inhibiting Ca 2þ binding site in the electrical field of the channel (into the cytoplasmic vestibule). This model relies on the result that suggests Ln 3þ acts as an agonist of both the activating and inhibiting Ca 2þ -binding sites. According to this model, weak inhibiting action developed at negative voltages because negative potential drives Ln 3þ into the vestibule, toward the activating Ca 2þ binding site. Therefore, the activating action of Ln 3þ overcomes the inhibition, while at positive voltages activation is weaker than inhibition. The model is further supported by the result that activation by Eu 3þ in Ca 2þ -free solution is stronger at negative membrane potentials, when Eu 3þ is driven into the cytoplasmic vestibule. The structure of the vestibule also accounts for the voltage dependence of Ca 2þ gating. The channel's pore has an asymmetric structure with a funnel-like geometry. The wide, conical opening of the funnel creates the cytoplasmic vestibule, which tapers toward the inner pore and is coupled to a narrow stem facing toward the SR lumen (16) (17) (18) . The big cis-to-trans conductance of RyR is permitted by a wide cytoplasmic mouth (or vestibule) of the channel, which functions as a large ion-capture zone. Electrostatic models of channels with a narrow pore (ion conduction pathway) between two mouths suggest that the voltage drop extends beyond the constricted pore out into the regions with large diameters. The extension of the applied voltage is determined by pore geometry. It depends on the ratio of the length and the diameter of the conduction pathway (64) (65) (66) (67) (68) (69) (70) . For example, in the case of a channel with a relatively short, but wide pore (like RyR's), the electrical field will expand significantly out into the vestibule. Therefore, the movement of ions in the water-filled vestibule is not governed by free diffusion, but is also under the influence of trans-membrane voltage (electrodiffusion) (70) .
To enhance ion entry and conductance, the vestibule is lined by negatively charged amino acids (71) . According FIGURE 8 In silico studies of the activating Ca 2þ binding sites. Shown here is the solvent-excluded surface of the C-terminal end of RyR1. The surface color represents the electrostatic potential at the surface points calculated by the software APBS (http://www.poissonboltzmann.org/). The negative to positive electrostatic potential values are shown by red to blue colors, respectively. The tetramer structure was cut in half by a plane, which includes the main axis of the pore. The Ca 2þ binding site determined by cryoelectron microscopy is circled with green. To see this figure in color, go online.
to our model, the structural basis for the voltage-dependent activity of RyR is the negatively charged funnel, which focuses Ca 2þ near the pore and to the Ca 2þ sensor (Fig. 8) . Therefore, negative voltages, which favor ionic flow from cis-to-trans side of the channel, accumulate Ca 2þ around the putative Ca 2þ sensor, while positive potentials (which guide ions out from the cytoplasmic vestibule) deplete Ca 2þ from the funnel and the Ca 2þ binding pocket. Based on the recently solved 3D structure of RyR1, it has been proposed that the EF-hand Ca 2þ binding domain mediates the Ca 2þ gating in RyR through a conformational switch. EF-hands are located in the C-terminal end (amino acids 4071-4131) of the core solenoid and their Ca 2þ -dependent conformational change is probably transmitted through the C-terminal domain toward the S6 transmembrane helix (the gate), which twists to open the pore (16) (17) (18) . However, more recently, Guo et al. (25) found that mutating the amino acid residues that are critical for Ca 2þ binding in the EF1 or EF2 motif or deleting the entire EF-hand Ca 2þ binding domain of RyR2 did not affect the Ca 2þ sensitivity of the RyR2 channel to cytosolic activation. Previously, E4032 was reported to be critical for Ca 2þ sensing in RyR1 (29), but in lacking a structural model it remained obscure whether E4032 was part of the Ca 2þ binding site or only an essential transducer on the gating pathway. New structural data show that E4032 only forms an interface with the C-terminal domain and by doing so it stabilizes the conformation that allows Ca 2þ binding, but it does not contribute to the formation of the Ca 2þ binding site directly. Ca 2þ was proposed to be bound by E3893 and E3967 of the core solenoid, and T5001 from the C-terminal domain (32).
In this RyR1 model (see Fig. 1 ) the EF-hand does not look like to be accessible from the pore, whereas E3893, E3967, and T5001 line the cytosolic vestibule and are part of a negatively charged pocket (Figs. 1 and 8 ). This structure is highly conserved in RyR and the other intracellular Ca 2þ -dependent Ca 2þ release channel, the inositol trisphosphate receptor (IP 3 R) (while analogous EF-hand motifs are missing from the IP 3 R) (72) (73) (74) . In addition, the new binding pocket is located in the core solenoid C-terminal domain interface, which is directly connected to the S6 helix (Fig. 1) , therefore it could relay similar conformational changes as EF-hand was suggested to. Consequently, this indirect evidence also supports our vestibular Ca 2þ sensor model and argues against the hypothesis that the EF-hand domain is the activating Ca 2þ binding site. Our previous results proposed that the orientation of the toxin MCA is likely to be the most important factor in its binding to the site, the one that is responsible for the initiation of the subconductive state-and that the electric field determines the orientation of the toxin. This suggests that the MCA binding site is near the opening of the channel pore (in the mouth), where the electric gradient is extremely large, and thus the electric momentum dominates the orientation of the MCA molecule (57) . To explain the result that RyR lost Ca 2þ sensitivity with MCA in the vestibule (Fig. 3) , quantitative analysis of the voltage dependence of MCA-block was performed according to Woodhull's single-site blocking scheme (Eq. 1) (68-70,75), as follows:
where G is the difference of relative conductances of MCAinduced subconductive states measured at two different negative voltages (slope of voltage dependence of conductance); V is the membrane potential difference; and R, T, and F have their usual meanings. The K d of MCA at 0 mV (K d 0) was determined using a [3H] ryanodine binding assay, and was 5 mM. The calculation yielded the effective valence of block (zd), which is the product of the valence of the blocking ion (z MCA ¼ þ4) and the distance into the electrical field at which the blocker binds. As a result, we got 0.11 for d, which means that MCA's binding site is located at 11% of the whole voltage drop measured from the cytosolic end of the channel. It means that this large, 33-amino-acid toxin's charged surface falls to the inner end of the vestibule, while the rest of the peptide covers the outer regions of the mouth, where the Ca 2þ sensor is possibly located. Based on the result of this analysis, we concluded that MCA worked as the lid of the vestibule and closed Ca 2þ in a restricted vestibular space near the Ca 2þ sensor. Therefore, with the lid on (at substate), RyR was resistant to the modification of [Ca 2þ ] in the bulk solution. Releasing MCA from the channel (cancelling LLSS) opened the lid and allowed Ca 2þ to diffuse out the vestibule, and P o slowly adapted to the new local [Ca 2þ ] (see cartoons in Fig. 3 ). We need to consider the alternative possibility that voltage-sensitive Ca 2þ gating of RyR would develop because Ca 2þ sensor's conformation was directly or indirectly affected by voltage. If this was the case, the process should not depend on the charge of the ion. However, Ln 3þ 's voltage-dependent action was stronger compared to the voltage-dependent action of Ca 2þ (Fig. 2) , which most probably arises from the fact that 3þ charged ions are more susceptible to the electrostatic effects of the electrical field. Our other argument against the voltage-dependent Ca 2þ sensor option is that the transition between high P o and low P o mode in the MCA experiment at 100 nM Ca 2þ was very slow. This indicates that the adaptation of P o to low [Ca 2þ ] was due to a relatively slow diffusion of Ca 2þ out from the vestibular binding pocket after MCA was released from the pore. Therefore, the voltage-dependent Ca 2þ gating cannot be attributed to the conformational change of the Ca 2þ sensor domains. Because RyR is a large allosteric protein, a direct approach should be used to identify the Ca 2þ sensors. Because electron scattering increases with the square of atomic number, the high atomic number of Ln 3þ (63 for  Eu  3þ and 62 for Sm  3þ versus 20 for Ca   2þ ) may offer a chance for imaging Ln 3þ binding to the Ca 2þ binding site by using high-resolution cryo-electron microscopy.
SUPPORTING MATERIAL
One figure is available at http://www.biophysj.org/biophysj/supplemental/ S0006-3495(17)30342-9.
AUTHOR CONTRIBUTIONS
S.S. performed research, and analyzed and interpreted data. I.K. performed in silico experiments, interpreted data and wrote the manuscript. I.J. conceived the idea, designed research, and interpreted data. J.A. conceived the idea, designed research, performed experiments, analyzed and interpreted data, and wrote the manuscript. 
